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Based on the two Higgs doublet model, we study the effect of Higgs-
boson exchange on the (super)heavy quarkonium Q¯Q, which induces a strong
attractive force between a (super)heavy quark Q and an antiquark Q¯. An
interesting application is the decay of (super)heavy quarkonia Q¯Q into a Higgs
boson associated with gauge bosons. The criterion for making the Q¯Q bound
state is studied. We also show that non-perturbative effects due to gluonic
field fluctuations are rather small in such a heavy quark sector. Possible
enhancement for productions and decays of Q¯Q bound states made from the
fourth generation quark Q is discussed for p¯p (at the Tevatron) and pp (at
the LHC) collisions.
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I. INTRODUCTION
A study on quarkonia T (Q¯Q) composed of a (super)heavy quark Q and an antiquark
Q¯ (a possible and interesting candidate of Q is the up(U)- and/or down(D)-quarks in the
fourth generation family) is required in current particle physics for testing the standard
model (SM) and/or searching for signals for physics beyond the SM. It is nowadays one of
the most interesting subjects since the subject can be studied, with high priority, in the
forthcoming experiments at high energy hadron colliders, i.e. the Tevatron and LHC. In
particular, no theoretical arguments are seen to rule out the (super)heavy quarks and the
(super)heavy quarkonium states with the masses around hundred GeV or even a few TeV
(see, e.g. [1]). As the recent example, in one of the extended models, the little Higgs model
[2], there could be an additional heavy quark q˜ with a mass of order O(1 TeV) to promote
the quark doublet q to quark triplet under the global SU(3), Q = (q, q˜). By preserving
the global symmetry of the coupling, the one-loop quadratic divergence to the top quark is
removed. In fact, the SM and its extensions, e.g., the Minimal Supersymmetric Standard
Model (MSSM), do not explain the family (generation) structure of the quark masses. Each
quark has an arbitrary Yukawa coupling and hence is independent of the family to which it
belongs. It is required to explain the family structure and the Cabibbo-Kobayashi-Maskawa
(CKM) matrix for the quark sector in any extension of the SM or even in the SM.
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It is known from the history of particle physics that the first signals for c- and b-quarks
in hadronic collisions were leptonic decays of their J/ψ(c¯c) or Υ(b¯b) bound states. Can (su-
per)heavy quarks also be first discovered through the decay of their quark-antiquark bound
states into lepton pairs? It seems the answer is apparently not transparent, because one
of the main properties of (super)heavy quarkonia is concerned with the appearance of new
decay modes into weak bosons and even Higgs bosons in the final states. Once the Higgs
boson H is discovered, one needs to measure its couplings to other particles. The value
of H-boson couplings can be extracted by measuring a variety of Higgs boson productions
and their decay modes. Thus, it is important to find the H-boson in as many channels
as possible, including its production coming from the decay of (super)heavy quarkonia.
Such a Higgs boson can be looked for in the following new decay modes; T (Q¯Q) → HZ,
T (Q¯1Q1) → HT (Q¯2Q2), T (Q¯Q) → γH and T (Q¯Q) → ggH, γγH , where T (Q¯Q) carries
quantum numbers of JPC = 1−−, 0−+. Production of heavy quarkonia like b¯b and t¯t associ-
ated with a Higgs boson emission in the decay of extra gauge bosons Z ′ has been studied
in [3,4]. Here we are interested in the case in which the new decay modes mentioned above
become dominant and hence the branching ratio for a single heavy quark decay accompa-
nying the real weak boson emission Q→ qW (q is a lighter quark), leaving q as a spectator,
is small. Of course, it is necessary to examine whether the spectator mode can be dominant
or not.
The direct decay of the top quark, t→ Wb [5,6], and the flavor changing top quark de-
cays, t→ cγ(cg, cZ) and t→ cH [7], in the both SM and two-Higgs doublet model (2HDM),
have been studied intensively for the last decade. The SM predictions of the branching ratios
(BR) for those decays t → cγ, t → cg, t → cZ and t → cH are significantly small, being
BR ∼ 5 × 10−13, 4 × 10−11, 1.3 × 10−13 and 10−14 − 10−13, respectively. Obviously, the
rare decays are out of interest here since they are very difficult to be observed in hadron
colliders even at the highest luminosity and thus we neglect them in this work. The sensi-
tivity of current experiments at Tevatron Run II or future experiments at forthcoming LHC
closely approaches the rate required for ruling out the Higgs boson production or discover-
ing it through the decay of (super)heavy quarkonia mentioned above. In this connection,
precise theoretical estimates of the rates are required for an unambiguous interpretation of
experimental upper limits.
One cannot exclude the possibility of the new strong interactions which primarily control
the dynamics of (super)heavy quarks such as the 4th generation up(U) and/or down(D)
quarks. In one of the “top-color” models [8] with 1 TeV scale, there is the following “top-
color” gauge structure
SU(3)4 × SU(3)h × SU(3)l × U(1)Y4 × U(1)Yh × U(1)Yl × SU(2)L
→ SU(3)QCD × U(1)EM , (1)
where SU(3)4 × U(1)Y4 , SU(3)h × U(1)Yh and SU(3)l × U(1)Yl generally coupled to the
4th, 3rd and first two generations, respectively. The U(1)Yi are just rescaled versions of
electroweak U(1)Y into the strongly interacting world. In this model, below the symmetry-
breaking scale µSB, the spectrum includes massive “top-gluons”, which mediate vectorial
color-octet interactions among (super)heavy quarks Q(= t, U,D)
−(4 π κ/µ2SB)
(
Q¯γµ
λa
2
Q
)2
. (2)
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If the coupling κ lies above some critical value κcrit, the heavy quark condensate 〈Q¯Q〉 can
be formed. The strong “top-color” dynamics can bind Q¯ and Q into a set of “heavy-pions”
(Q¯Q). The criterion for existence of a (super)heavy quarkonium is that the binding en-
ergy ǫB should be larger at least than the total decay width Γtot of its quarkonium, namely
c = (Γtot/ǫB) < 1. Since such a (super)heavy quark-antiquark bound state is considered to
be a non-relativistic system, the quark potential model should be applicable to the analysis.
Then as pointed out in [9-11], one cannot exclude the possibility of the Higgs-boson interac-
tion which dominates significantly over the one-gluon exchange ∼ −(4/3)αs(mQ)/r for the
(super)heavy quarkonium, where αs is the strong coupling constant depending on the quark
mass mQ and r is a distance between a quark and an antiquark. We show in Sec.2 that
the strong binding force due to the Higgs-boson exchange gives rise to a necessary condition
c < 1 for enabling the heavy quarkonium to exist and leading to observation of its resonance.
On the other hand, in the physics of interplay among quarks, it is well known that the
exact QCD vacuum should contain the fluctuations of gluonic fields at large scales [12].
Those non-perturbative fluctuations cause the distortion of interactions between quarks and
antiquarks. We consider (super)heavy quarks as external objects allocated in the gluonic
vacuum. Here, we study those non-perturbative fluctuation effects of the gluon field on the
decay of a quarkonium T (U¯U) into the Higgs- and Z-bosons. Our result is based on the well-
known statement (see, e.g., [12]) that the non-perturbative effect on dynamics of heavy quark
systems is expressed in terms of vacuum expectation values of the local operators constructed
from gluonic field operators. The leading effect is proportional to a matrix element of the
form 〈Gaµν2(0)〉0, where Gaµν(x) is the standard gluonic field strength tensor with color
indices a = 1, 2, · · · , 8. The lowest level of the (super)heavy quarkonium is determined by
the color-singlet Yukawa-type attractive force mediated by the “light” scalar χ-boson. Here,
we are interested in the corrections due to non-perturbative gluonic fluctuations in the exact
QCD vacuum. In this paper, we show that in a (super)heavy quarkonium decay such as
T (U¯U) → hZ (h means a lightest CP-even Higgs-boson in 2HDM), the non-perturbative
fluctuation effect of the gluonic field can be calculated, to some extent, without detailed
knowledge of the vacuum structure and furthermore, it gives a negligible result.
The outline of this work is organized as follows. In Sec. 2, we discuss an effective
potential mediated by a Higgs boson. An effective model for the lower-energy theorem will
be discussed in Sec. 3. Finally, in Sec. 4, we give our conclusion and discussion.
II. EFFECTIVE POTENTIAL VIA HIGGS BOSON EXCHANGE
First of all, one should notice that the total cross-section for the process pp(p¯p) → Q¯Q
is strongly related to the underlying subprocesses. For example, at
√
s =14 TeV, the cross
section for various processes of Q and Q¯ pair productions with Q = U and/or D in the mass
region mU ≃ mD ≃ m4 = 0.2 − 0.6 TeV (m4 is the mass of the fourth generation quark),
becomes σ ≃ 10−1−10−2 (pb) and σ ≃ 1−10−2 (pb) for γ/Z production andW production,
respectively, in the q and q¯ annihilation channels, and σ ≃ 10− 10−1 (pb) for the two-gluon
fusion channel.
Let us consider a production (in pp or p¯p) of (super)heavy quarkonium T (Q¯Q) followed by
the decay process T (Q¯Q)→ hZ with Q = t, U,D, being assumed to be the dominant decay
process of T (Q¯Q). Then, it is supposed that this dominant mechanism at high transverse
3
momentum involves, e.g. the production of a gluon that produces a color-octet Q¯ and Q pair
which then fragments into a color-singlet bound state T (Q¯Q) by emitting two or more soft
gluons. This T (Q¯Q)-state should be transversely polarized at high transverse momentum,
since it is emanated from a gluon which has only transverse polarization states.
In the lowest bound state Q¯Q, the quark Q and the antiquark Q¯ are assumed to be
located at a distance
r ∼ [mQ λ(mQ)]−1 (3)
which is small compared to the scale of strong interactions. λ(mQ) is a strength of the
interaction between a quark and an antiquark. The wavefunction of the lowest bound state
is proportional to exp(−µ r) with µ ∼ mQ λ(mQ). Note that for r0 = µ−1 being smaller
than in the typical size of fluctuations, our approach becomes applicable since the potential
dumps exponentially for a distances r ≫ µ−1.
Let us consider a simple model (Model I) where the dominant effective potential for a Q¯
and Q system at a small distance looks like [10,11]
Veff(r) ∼ −CF
r
αs(mQ)− λ(mQ, ξχQ)
r
exp(−mχ r) , (4)
with
λ(mQ, ξχQ) =
m2Q
4 π v2
ξ2χQ , (5)
and ξχQ reflects the model “flavor” in the strength of the interaction between the scalar
χ-boson and a heavy quark Q (ξχQ = 1 in the minimal SM, otherwise ξχQ > 1). v is
the vacuum expectation value of Higgs boson, v= 246 GeV (in 2HDM, v =
√
v21 + v
2
2, v1
and v2 are two neutral Higgs field vacuum expectation values) and CF is the color factor,
CF = 4/3 for color SU(3) group. In Fig.1, we show the ratio of the combined coupling
αcomb = (4/3)αs(mQ) + λ(mQ, ξχQ) · exp(−mχ r) (see (4)) to the pure QCD coupling α¯s =
(4/3)αs, as a function of a heavy quark mass mQ for different values of ξχQ and mχ. The
second term in αcomb is appropriate for r ∼ [mQ λ(mQ)]−1. The ratio becomes somewhat
bigger for smaller Higgs-boson masses.
Because of our demand, λ(mQ, ξQχ) > CF αs(mQ), for a relevance of the χ-boson inter-
action, the lower bound on mQ is given as
mQ >
v
ξχQ
(4 π CF αs)
1/2 , (6)
which leads to mQ ≥ mt even if ξχQ= 2 (see Fig.2).
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Fig. 1 Ratio of the combined coupling αcomb to the pure QCD coupling α¯s as a function of a
heavy quark mass for (a) ξχQ = 1 and (b) ξχQ = 2, 3. The curves are presented for χ-boson
masses mχ = 90, 100 and 120 GeV.
The requirement of the positivity of the variational parameter
µ ≃ λmQ
2
(λmQ)
2 −m2χ
(λmQ)2 + 2m2χ
(7)
entered in both the bound state wavefunction Ψ(r) = 2µ−3/2 exp(−µ r) and the binding
energy (see, for details, [11]),
ǫB = 2 λ
µ3(2µ−mχ)
(2µ+mχ)3
(8)
leads to an upper limit on mχ (see Fig.3).
In the Model I, the ratio c = (Γtot/ǫB) < 1 could be guaranteed for T (U¯U) quarkonia to
be formed by a strong attractive force via scalar Higgs-boson exchange with a sufficiently
“hard” Yukawa coupling λ(mQ, ξχQ). The total decay width Γtot is given by a sum of two
terms
Γtot = ΓT + ΓU , (9)
where the width ΓT is defined by the following decay channels
T (U¯U)→ hZ, γZ, γh,W+W−, b¯b, t¯t, τ+τ−, µ+µ−, ggg ,
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Fig.2 Lower bound on (super)heavy quark masses as a function of ξχQ.
and the single quark decay width ΓU is a sum of the following contributions: U →
DW+, bW+, bH+ (H+ is the charged Higgs-boson in 2HDM). In the decays of T (U¯U) pre-
sented above, the radiative channel is suppressed by the coupling constant α, the ggg channel
gives the small contribution due to α3s factor, and furthermore, the productions of the pairs of
quarks and antiquarks or leptons and antileptons are also small because they follow via two-
loop diagrams, where the amplitude is very small because of the presence of α (intermediate
photons) or the Fermi constant GF (virtual W
±-bosons).
We do not consider the contributions from the decay U → bH+ because it is expected to
have a rather small probability to be observed as expected from the following consideration:
the Higgs-boson mass sum rule
m2H+ ≃ (m2A +m2W ) (1 + δ) (10)
with one-loop correction δ < 10% [13] does not allow the production of charged Higgs-
bosons in the decay of top quark and, perhaps, also of U quark due to the kinematical
reason in the decoupling limit, (m2W/m
2
A) ≪ 1 (mA is the CP-odd Higgs-boson in 2HDM).
In addition, the experimental data at the Tevatron do not yet clarify the status of t→ H+b
decay. The CDF results in direct search of a τ -lepton emission from top quark decays give
an upper limit on the branching ratio BR(t → H+b) ∼ 0.5 − 0.6 at 95% C.L. in the range
60 GeV < mH+ < 160 GeV , assuming BR(H
+ → τντ ) = 1 [14]. Furthermore, the D0
Collaboration excludes BR(t → H+b) > 0.36 at 95% C.L. in the region 0.3 < tanβ < 150
and mH+ < 160 GeV [15]. Assuming
∑
X=H+,W+ BR(t → bX) = 1, the decay width of
the H+-boson channel in U - and t-quark decays is small and hence this channel is out of
interest.
Therefore, for the case of U quarks, one can expect that the Γtot is given by
Γtot = ΓT (T (U¯U)→ hZ,W+W−) + ΓU(U → DW+, bW+) . (11)
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Fig.3 Upper limit on the scalar χ-boson mass as a function of mQ for different values of ξχQ.
The regions above the corresponding curves are excluded.
The main contribution to ΓT arises from the channel T (U¯U)→ hZ, whose decay width for
T (U¯U)(1−−) is given by the following expression (see, e.g., [11])
Γ(T (U¯U)→ hZ) = λ
3mU
16
η2hU
[
λαz v
2
U +
1
2
α2W
(
mU
mW
)4]
f 3Φ , (12)
with
αW = α/s
2
W , αz = αW/c
2
W (sW ≡ sin θW , cW ≡ cos θW ),
vU =
(
1− 8
3
s2W
)
, Φ =
(
1− 4m
2
h
M2T
)1/2
,
f ≡ f(λ ,mU , mχ) =
(λmU)
2 −m2χ
(λmU)2 + 2m2χ
,MT ≃ 2 mU .
mU is the mass of an up(U)-quark of the fourth generation. We suppose that the couplings
of the Higgs-boson h and the U -quark have the same form as those for the couplings of the
Higgs-boson h and the top-quark (see the review [16])
ηhU ≃ 1 + m
2
Z
m2A
s2β c2 β tan
−1 β , (13)
where s2β(c2β) ≡ sin 2 β(cos 2 β) and tanβ is the standard ratio between two vacuum ex-
pectation values for two Higgs doublets in 2HDM.
Using the standard formulae [5,6], the single U -quark decays are given for U → DW+
channel by
ΓU(U → DW+) = GF m
3
U
8
√
2π
|VUD|2

(1− m2D
m2U
− m
2
W
m2U
)2
− 4 m
2
Dm
2
W
m4U


1/2
7
×


(
1− m
2
D
m2U
)2
+
(
1 +
m2D
m2U
)
· m
2
W
m2U
− 2 m
4
W
m4U

 , (14)
and for U → bW+ decay by
ΓU(U → bW+) = Γ0(U → bW+) (1−∆) , (15)
where
Γ0(U → bW+) = GF m
3
U
8
√
2 π
|VUb|2β4W (3− 2 β2W ) (16)
with βW =
√
1−m2W/m2U . VUD and VUb are generalized CKM matrix elements and the
O(αs) QCD correction [6] in (15) is
∆ =
CF αs
2 π
(
2 π2
3
− 5
2
)
. (17)
As an example, for a typical set of parameters: mU= 400 GeV, mD= 300 GeV, mχ ≃ mh=
100 GeV, |VUD| ≃ 1, ξχU = 2 (ηhU ≃ 1) we give the numerical results for those decay widths
Γ(T (U¯U)→ hZ) ≃ 2.2 η2hU GeV,
Γ(U → DW+) ≃ 1.21 GeV , Γ(U → bW+) ≃ 0.0021 GeV , (18)
where c = Γtot/ǫB = 0.27 at the calculated value ǫB = 12.65 GeV.
The contribution of the decay U → bW+ is negligible due to rather small value of
|VUb| ∼ 10−2. We have checked the possibility of the existence of bound states T (Q¯Q)
composed of U (and D)-quarks, starting at the lowest value of ξχQ ≥ 1, where the increasing
ξχQ gives rise to an effect on c
−1 > 1 (see Fig.4).
The expected event topology of the decays U → bW+ and U → DW+ are similar to that of
t→ bW+. However, for the down-type heavy quark D, the dominant decay mode could be
D → tW− and thus, in the case of D¯D-pair production, the final state can consist of two
pairs of leptons and neutrinos (originated from decays of the t quark and W boson) with
different flavors, in general. Now, by taking, as an example, the following parameters: mD=
400 GeV, mχ ≃ mh= 100 GeV, ξχD = 2, |VDt| ≃ 0.012, we can obtain the following decay
widths
Γ(T (D¯D)→ hZ) ≃ 2.25 η2hD GeV , Γ(D → tW ) ≃ 1.47 MeV . (19)
One can see that the decay width Γ(T (D¯D)→ hZ) can be enhanced by the Yukawa-flavor
factor (within 2HDM) ηhD = − sinα/ cosβ at large values of tanβ.
For comparison, let us consider an instructive example, i.e. the decay of T (U¯U)(0−+)
states to h- and Z-boson, where the decay width is given by the following expression (see,
e.g., [11])
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Fig.4 Ratio c = Γtot/ǫB being responsible for occurrence of the bound state T (U¯U) as a
function of the quark mass mU at different values of ξχU for mχ = 100 GeV. The region
below the value c = 1 is allowed.
Γ(T (U¯U)→ hZ) = 3 λ
3mU
32
η2hU α
2
z
(
mU
mZ
)4
f 3Φ . (20)
The numerical estimation gives Γ(T (U¯U)→ hZ) ≃ 6.80 η2hU GeV, which is roughly 3 times
larger than that in the case of T (U¯U)(1−−)→ hZ decay mode given in (18) and hence leads
to larger production rate of T (U¯U)(0−+) than T (U¯U)(1−−). This simple example confirms
our belief that the most promising candidate of the (super)heavy quarkonium which could
be searched at the LHC should be the pseudoscalar state T (U¯U)(0−+).
It is interesting to estimate the effect of the scalar χ-boson exchange on the (Q¯Q) production
cross-section at different mχ as a function of mQ.
If the Q-quark is relatively long-lived, the peak of the cross-section at a Q¯Q resonance
due to the one-gluon exchange is given by
σc ∼ α3s
(
mQ
ΓQ
)
1
s
(21)
for a given center-of-mass energy s. The cross-section (21) has a strong sensitivity to αs and
decreases sharply with increasing mQ because of the rapid grougth of ΓQ (see Eqs. (14) and
(15)). To leading order, the scalar χ-boson exchange effect is taken into account simply by
making the replacement
αs → αs + α˜(mQ, mχ, ξχQ) , (22)
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where
α˜(mQ, ξχQ) =
3m2Q
16 π v2
ξ2χQ exp(−ǫ) (23)
with ǫ = mχ/(mQ λ) ≪ 1. Here, we see a simple increase of the coupling strength between
Q¯ and Q. We find a relative enhancement of the effective cross-section σeff
σeff = σc
(
1 + 3 α˜ α−1s + 3 α˜
2 α−2s + α˜
3 α−3s
)
(24)
due to the χ-boson exchange effect. In Fig.5 we show the ratio of the effective cross-section
(24) to the cross-section (21) as a function of mQ. The curve in Fig. 6 is appropriate for a
massless χ- boson.
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Fig.5 Ratio of the effective cross-section σeff (24) and the cross-section σc at the 1S resonance
Q¯Q as a function of mQ. The curves are for ξχQ= 1.05, 1.10, 1.15 and mχ = 100 GeV at
αs= 0.118.
In the end of this Section we give briefly the results of the decays Φ → T (Q¯Q) + γ
where a Higgs-boson Φ (Φ = h or Φ = H) with 4-momentum qµ and the mass mΦ decays
in the heavy vector (1−−) quarkonium T (Q¯Q) (Q = b-quarks, t−quarks, ...), carrying the
momentum Pµ = 2 pµ (P
2 = m2T ), and a photon with the momentum squared k
2 = 0.
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Fig.6 Ratio of the effective cross-section σeff (24) and the cross-section σc at the 1S resonance
Q¯Q as a function of mQ. The curve is for the massless χ-boson.
The amplitude of the transition Φ→ T γ is [17]
A(Φ→ T γ) = −2
√
4 π α gV eQ
1
v
ηΦQ
1
1− (mΦ/mQ)2 ǫ
α kβ (Pα φβ − Pβ φα) , (25)
where eQ is the charge of the quark Q, φµ being the polarization vector of T (Q¯Q) and gV is
defined in the standard manner
〈T (Q¯Q)|Q¯ γµQ| 0 〉 = m2T gV φµ
and can be estimated from the leptonic decay width T (Q¯Q)→ l¯l (l = e , µ , τ):
Γ(T (Q¯Q)→ l¯l) = 4
3
π (α eQ gV )
2mT .
At an arbitrary large values of y = (mΦ/2mQ)
2 > 1 there are the corrections to the amplitude
(25) due to the one-loop O(αs) gluon contributions
1− F (y)CF αs(m2Φ − 4m2Q) ,
where the function F > 0 was calculated in Ref. [17]. For the decay processes h→ Υ(b¯b) γ,
H → Υ(b¯b) γ and H → T (t¯t) γ we are considered here as the promising channels in a wide
range of the Higgs-boson mass we expect the relative decay width compared to final state
quarks Q¯Q, which is given by [17]
11
f ≡ BR(Φ→ T (Q¯Q) γ)
BR(Φ→ Q¯Q) =
Γ(Φ→ T (Q¯Q) γ)
Γ(Φ→ Q¯Q) =
64 π α e2Q
3
g2V
(
mQ
mΦ
)2
K2(y, αs)
[
1−
(
mT
mΦ
)2]−1/2
, (26)
where
K(y, αs) ≃ 1− αs(m
2
Φ −m2T )
π
CF ln 2 ln(4y)
will be important for the processes h → Υ(b¯b) γ, H → Υ(b¯b) γ, where (mb/mΦ)2 → 0.
In Figs. 7 and 8 we plot the relative widths of h → Υ(b¯b) γ and H → Υ(b¯b) γ decays,
respectively, compared to b¯b final state, vs. mh and mH , respectively, and H → T (t¯t) γ
decay (see Fig. 9) compared to t¯t-state as a function of mH .
The recognizing of the quark-antiquark bound state can be shown through the resonance
structure having a specific signal, e.g., the final leptonic pairs e+e−, µ+µ− and τ+τ−. This
resonance is expected can give one clear evidence of a bound state production over the QCD
background if the production would be significantly large.
0.1 0.12 0.14 0.16 0.18 0.20.1
0.2
0.3
0.4
0.5
0.6
6
 10×) γ) b(bΥ →f(h 
 = 0.118sα
 [Tev]hm
Fig.7 The relative decay width Γ(h→ Υ(b¯b)γ) as a function of h-boson mass mh compared
to h→ b¯b channel.
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Fig.8 The relative decay width Γ(H → Υ(b¯b)γ) as a function of H-boson mass mH compared
to H → b¯b channel.
III. EFFECTIVE MODEL FOR LOWER-ENERGY THEOREM
Before proceeding to the lower-energy theorem applied to the transition T → hZ (Model
II), we give the general expression for the amplitude of the decay mentioned above [18]
A(T → hZ) = 〈φZ|Lint|φT 〉
= −1
v
〈
φZ
∣∣∣∣∣∣
∑
Q=t,U,D
αs
12 π
ηhQG
a
µν G
a µν − ∑
q=u,d,s,c,b
ηhqmq q¯q
∣∣∣∣∣∣φT
〉
. (27)
Here, |φZ〉 and |φT 〉 are eigenstates responsible for Z-boson and (super)heavy quarkonium
T = T (Q¯Q), respectively. The second term in (27) corresponding to the contribution of
light quarks comes directly from the interaction Lagrangian
Lint = −h
v

∑
l
ηhlml l¯l +
∑
q=u,d,s,c
ηhqmq q¯q +
∑
Q=b,t,U,D
ηhQmQ Q¯Q−
−2 ηhW m2W W+µ W µ− + ηhZ m2Z Z2µ
)
, (28)
while the gluonic contribution given by the operator in the first term of (27) arises from the
coupling of the Higgs boson h to t-, U - and D-quarks through the standard loop mechanism
(see, e.g., references in [18]) with Nh number of heavy quarks in the loop. The functions
ηhi in (27) and (28) (i=leptons (l), light quarks (q), Q, W
±, Z) are model-dependent ones
describing a deviation from the SM picture where all of ηhi are equal to unity. Obviously,
considering the fermionic sector, only the terms containing quarks with masses mQ ≥ mh
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Fig.9 The relative decay width Γ(H → T (t¯t)γ) as a function of H-boson mass mH compared
to H → t¯t channel for different values of gV .
are relevant for giving rise to the amplitude provided by the matrix element of (27) where
the only gluonic part survives. Our aim is to calculate the amplitude (27). Fortunately,
QCD gives the trace of the energy-momentum tensor Θµν in the following form [18]:
Θµµ = −b6 αs
8 π
Gaµν G
µν a +
∑
q
mq q¯q +
∑
Q
mQQ¯Q , (29)
where b6 is the first coefficient of the β(αs) function in QCD with 6 flavors of quarks. At
the zero momentum transfer, the matrix element of (29) between any different eigenstates
X and Y of the Hamiltonian is vanishing [19,18]
〈X|Θµµ(q2)|Y 〉 = 0 (30)
with 〈X|Θ00(q20,~0)|Y 〉 = 0. Using the condition (30), one can obtain the following relation
between the matrix elements containing the gluonic part and the heavy quark terms:
〈
φZ
∣∣∣∣∣b6 αs8 π Gaµν Gµν a
∣∣∣∣∣ φT
〉
=
〈
φZ
∣∣∣mb b¯b+mt t¯t∣∣∣ φT〉 , (31)
where the light quark contributions are neglected. Taking into account the gluonic anomaly
effect through the replacement of the top-quark mass term [19]
mt t¯t→ −2
3
αs
8 π
Gaµν G
µν a , (32)
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Eq.(31) transforms into
〈
φZ
∣∣∣∣∣b5 αs8 π Gaµν Gµν a
∣∣∣∣∣φT
〉
=
〈
φZ
∣∣∣mb b¯b∣∣∣ φT〉 , (33)
where b5 = b6 + 2/3 . Let us consider the amplitude (27) in the following form
A(T → hZ) = −1
v
〈
φZ
∣∣∣∣∣∣
∑
Q=t,U,D
αs
12 π
ηhQG
a
µν G
aµν −mb b¯b
∣∣∣∣∣∣ φT
〉
, (34)
where the terms containing u, d, s and c quarks were omitted because of its small mass effect
on the intermediate quark loop. Comparing Eqs. (34) and (33), we find the amplitude for
the decay T → hZ in the limit of vanishing of the four-momentum of the Higgs-boson h:
A(T → hZ) = −1
v
〈
φZ
∣∣∣∣∣∣
αs
8 π

b5 − 2
3
∑
Q=t,U,D
ηhQ

 Gaµν Gaµν
∣∣∣∣∣∣ φT
〉
, (35)
where the couplings ηhQ are [16]:
ηht(U) =
cosα
sin β
= sin(β − α) + cotβ cos(β − α) , (36)
ηhD = − sin α
cos β
= sin(β − α)− tan β cos(β − α) . (37)
For numerical estimation, we use the decoupling limit where Eqs. (36) and (37) are trans-
formed into the following ones:
ηht(U) ≃ 1 + z s2β c2β tan−1 β , (38)
ηhD ≃ 1− z s2β c2β tan β , (39)
where z = (mZ/mA)
2. To calculate the amplitude (35), one has to estimate its matrix
element as those given by the soft non-perturbative gluonic field. This contribution occurs
as the excitation of the non-perturbative gluon condensate in an environment of a pair of a
quark and an antiquark bound at the scale
r−1bound state ∼ ΛQ = mQ αs(µ˜ ≃ mQαs), (40)
which is larger than the scale of strong interactions Λ with αs ≪ 1. This non-perturbative ef-
fect can be estimated in the transition T → Z within a minimal point-like source F αs ~E2(x)
[19] with ~E being the electric component of the gluonic field, and an arbitrary constant F
defines the strength of this source. Hence, the only remaining work is to calculate the
following two-point function
W (Gµν) = i
∫
d x ei q x
〈
0
∣∣∣∣∣T
{
Fαs ~E
2(x),
β(αs)
4αs
G2µν(0)
}∣∣∣∣∣ 0
〉
(41)
15
embedded in the non-perturbative amplitude ANP of the decay T → hZ
ANP (T → hZ) = 1
v Λ2

1− 2
3
1
b5
∑
Q=t,U,D
ηhQ

 ·W (Gµν) . (42)
Here, β(αs) = (−b5 α2s/2 π)+O(α3s). Using the tricks followed by the authors in [12,20], the
calculation of the amplitude (42) can be achieved in the framework of the QCD low-energy
theorem approach in the limit q2 → 0
ANP (T → hZ) = 1
v
π F
Λ2

1− 2
3 b5
∑
Q=t,U,D
ηhQ

 〈αs
π
G2µν
〉
0
, (43)
where 〈(αs/π)G2µν〉0 is the standard gluonic condensate. Using these formulas, now we can
estimate the corrections due to non-perturbative fluctuations of the gluonic field in the decay
T (U¯U)→ hZ
Γ(T (U¯U)→ hZ) = Γ0(T (U¯U)→ hZ) (1 + δNP ) , (44)
where Γ0(T (U¯U) → hZ) is the decay width (12), while the non-perturbative correction
factor δNP is defined as δNP = ΓNP/Γ0 with
ΓNP (T (U¯U)→ hZ) = 1
16 πmT
|ANP |2
(
1− 4m
2
h
m2T
)1/2
. (45)
The δNP correction is obtained at the order of the magnitude of 10
−8 for the strength
parameter F = 1.
IV. CONCLUSION AND DISCUSSION
In this paper, we have concerned ourselves with the question of existence of (super)heavy
quarkonia and their decays with production of a Higgs-boson, e.g., T (U¯U) → hZ. The
possible existence of the (super)heavy quarkonium has been studied in the framework of a
simple Higgs-boson potential model (Model I) having a phenomenological ”hard” Yukawa
couplings λ(mQ, ξχQ) between the (super)heavy quark and the Higgs-boson χ. Furthermore,
to estimate the decay width of T (U¯U) → hZ by taking into account the fluctuations of
the gluonic field (Model II), we used the conformal properties of QCD. We found that
the effect of non-perturbative fluctuations of the gluonic field in the total decay width
Γ(T (U¯U) → hZ) is rather small. ΓNP is quite sensitive to the strength F of the gluonic
point-like source, since it is proportional to square of this strength. The constant F can be
estimated within the approach of the Model II through the decay, e.g., T (U¯U)→ l¯l (l = µ, τ)
with ANP ∼ 〈l¯l|F αs ~E2(x)|0〉, if this decay is known. The amplitude of this process is
proportional to F , while it is cancelled in the ratio Γ(T (U¯U) → hZ)/Γ(T (U¯U) → l¯l).
The conformal properties of QCD are especially important in transitions between lighter
hadrons, e.g. (c¯c)- and (b¯b)-bound states, where the multipole expansion is more sufficient
[19]. In the case of (super)heavy quarkonium transitions, the Model I yields an enhancement
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effect compared with the result coming from the Model II at 〈(αs/π)G2µν〉0 ≃ 0.012 GeV 4.
Such an enhancement of the decay width Γ(T (U¯U) → hZ) with guaranteed criterion c =
(Γtot/ǫB) < 1 could have a quite significant effect on the shapes of bound-state resonances
containing (super)heavy quarks in the search for new phenomena at the Tevatron and LHC.
Unfortunately, the total decay width Γtot is unknown. In Fig.4, we show the dependence of
the ratio of its total decay width Γtot to the binding energy ǫB, i.e. c = Γtot/ǫB on the real
Yukawa couplings ξχQ in the 2HDM at different values of χ-boson mass. We observe that the
binding critical ratio c is strongly sensitive to ξχQ. Thus, we believe that in some kinematical
regions there is a possibility for finding the fourth family quarks at the Tevatron’s Run II (the
LHC experiments will not miss it). If the scale of the Higgs-boson mass does not exceed 180
GeV, the channels of Higgs decays to gg, γγ or l¯l (µ+µ−, τ+τ−) may give an enhancement
effect which can be interpreted as the indication of heavy quark existence. For example, the
decay of the CP-even lightest Higgs-boson h → gg(γγ) with 114 GeV < mh < 180 GeV
could be enhanced (due to the 4th generation quark contribution) by a factor ρ ≃ 8.9(4.5-
5.5) for m4= 200 GeV and ρ ≃ 8.5(4.0-5.0) for m4= 600 GeV. On the other hand, the decays
of CP-even heavy Higgs H → gg(γγ) in the mass region 180 GeV < mH < 800 GeV could
give 9 ≤ ρ ≤ 13(15 ≤ ρ ≤ 25) for m4=200 GeV and 9 ≤ ρ ≤ 27(15 ≤ ρ ≤ 57) for m4= 600
GeV. This effect on the H Higgs-boson decay has a minor dependence of tanβ. We have
shown that a reduction of a single U -quark decay width leads to a significant enhancement
of the signal of the T (U¯U) resonance. We investigated also the possible manifestation of the
CP-even Higgs-boson states h and H in their rare decays h → Υ(b¯b)γ and H → Υ(b¯b)γ or
even the production of more heavier bound states T (t¯t) in the rare decays of Higgs bosons
H . We obtain that these decays can be detectable at the forthcoming experiments at the
LHC.
In the final state, the Higgs bosons h, the gauge bosons Z/W± and even charged Higgs-
bosons H± are on mass-shell. Hence, the masses of heavy quarks can be reconstructed. As
a trigger, one can choose a semileptonic decays U → Dl¯νl, U → bl¯νl, t → bl¯νl (l = µ, τ)
and the leptonic one like W → lνl with different lepton flavors to eliminate the backgrounds
γ∗, Z, Z ′ → l¯l. On the other hand, we suppose that the efficiency for observing Q¯Q events
may be high enough because of the characteristic kinematics such as U → DW , U → bW
and t → bW . The comparison of the measured decay width mentioned above with theo-
retically predicted ones can exclude or even confirm the fourth family fermions (quarks).
Finally, related to our calculations here, some comments are order in the following:
a. the (super)heavy quarks are considered to be non-relativistic;
b. if the χ Higgs-boson mass is mχ ∼ O(100 GeV ), then the decoupling limit (ξχQ ∼ O(1))
is appropriate only for mQ ≥ 2mt;
c. for the (t¯t)-bound state with ξχQ ∼ O(1), the mass mχ should be smaller than the lower
bound given by the LEP 2 experiments [21];
d. if the heavy quarkonium mass is of the order 2mt, the χ-boson contribution to the com-
bined potential (4) becomes appreciable only for large values of ξχt ≥ 6.
We conclude that the (super)heavy quarkonia effects calculated here can be significant and
should be considered seriously for searching for new physics beyond the SM.
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